This tutorial review provides a general account of the electrochemical behavior of quinones and their various applications. Quinone electrochemistry has been investigated for a long time due to its complexity. A simple point of view is developed that considers the relative stability of the reduced quinone species and the values of the first and second reduction potentials. The 9-membered square scheme in buffered aqueous solutions is explained and semiquinone radical stability is discussed in this context. Quinone redox reaction has also been employed in various studies. Diverse examples are presented under three broad categories defined by the roles of quinone: molecular tool for physical chemistry, versatile electron mediator, and charge storage for energy conversion devices.
Introduction
Quinones are conjugated cyclic diones derived from aromatic compounds 1 that undergo facile two-electron redox reaction. Having moderate reduction potential that can be modulated in a wide range, quinones play important roles in nature ( Figure 1 ). Most importantly, quinone (e.g. ubiquinone, plastoquinone) relays electrons in the biological redox machinery for photosynthesis and respiration. As they shuttle electrons along the membrane and repeat reduction and oxidation, they transport protons across the membrane. Quinones and hydroquinones also act as dyes (e.g. lawsone), antibiotics (e.g. adriamycin, daunorubicin), cofactors (e.g. pyrroloquinoline quinone, topaquinone), vitamins (e.g. vitamin K's), food and cosmetics additives, and so on. Quinone functionalities are also present in carbon materials after oxidative treatment. Being an electron acceptor, benzoquinone with unsubstituted site easily reacts with nucleophiles. The oxidized form of catechol (1,2-benzoquinone) is more reactive and easily undergoes polymerization at moderate to high pH. The ortho configuration of catechols allows them to act as efficient metal chelators and ligands.
Electrochemical methods have proven useful for characterizing the redox reaction of quinones. For more than 100 years, people have studied the reduction and oxidation of various quinone compounds on various electrode materials, in aprotic and aqueous solutions of varying composition. The reviews of Chambers published in 1974 and 1988 are good guides to such research efforts. 2, 3 An important aim of electrochemical investigation of quinones is to elucidate their reaction in biological processes. For example, the Q A site and Q B site of bacterial photosynthetic reaction center show very different reactivity and a great deal of endeavors are still continuing to fully understand the kind of interactions that lead to such difference. 4 Similarly, the Q cycle in electron transport chain indicates that the electrochemical property of quinones at Q i and Q o sites should be carefully tuned in order to suppress reactive oxygen species generation. 5 The mechanism involved in quinone toxicity is also of great interest, which mainly consists of reactive oxygen species generation and reaction with thiol nucleophiles. 6 A recent review shows how drug development can be aided by electrochemical investigations, with a focus on quinone compounds. 7 The studies of quinone electrochemistry also contributed to our understanding of proton-coupled electron transfer (PCET) reactions. A review on electrochemical approach to PCET mechanism devotes a great portion to quinones.
The long history of quinone electrochemistry implies not only its importance but also its complexity. Electron transfer to quinones is complicated by dynamic contributions of hydrogen bonding, proton donating and ion pairing effects. Also, quinones undergo inner-sphere electron transfer so that different electrode surfaces give rise to widely different reaction rates. For example, different pretreatment or surface modification of carbon electrode brought about a huge difference in kinetics, 9, 10 and adsorption of quinones led to unusual electrochemical behavior. 11, 12 Such aspects of quinone electrochemistry will be left out of the scope of this review.
In this tutorial review, we will first summarize the general electrochemical behavior of quinones. Though quinones can show very different voltammetric responses in different solution environments, there are simple principles that can be invoked to understand their behavior. Then the electrochemistry of quinone in buffered aqueous media will be explained based on Laviron's analysis of the "9-membered square scheme," which provides a systematic approach to understand quinone redox reaction. Some examples of mechanism analysis will be presented as well. Meanwhile, with better understanding of the redox reactions of quinones and greater interest in creative research using small organic molecules, various applications using quinones have appeared in the literature. However, as the examples span a wide range of chemical discipline, there are few reviews that focus specifically on quinones. In the second part of this review, we will illustrate some interesting researches that utilized quinone electrochemistry in aqueous media to achieve a variety of purposes.
With the limited space, we do not aim to be comprehensive or in-depth in our presentation. Interested readers will be referred to a number of other review articles. As the figures are adapted from various sources, they may have different convention for the sign of the axes, but a negative sign always indicates reduction.
Understanding the Electrochemistry of Quinones
Aprotic and Unbuffered Aqueous Solutions. It is useful to start the discussion of quinone electrochemistry in aprotic solutions where no hydrogen bonding or proton source is present in principle. It is the simplest case and the quinone undergoes two sequential one-electron reductions, i.e. Q F
. Accordingly, two well-separated redox waves can be observed (Figure 2(a) ). Extensive tabulation of reduction potential values for various quinones in different solvents and electrolytes are given in a classic review of quinone electrochemistry.
2 Due to the high instability of Q 2−
, the second reduction peak is sometimes not as well-resolved as the first peak. These voltammetric features are sensitive to hydrogen bonding and protonation that can stabilize the semiquinone radical anion (Q
•−
) and the hydroquinone dianion (Q
2−
). When hydrogen bond donors such as water or alcohols are added, the redox peaks shift toward positive potential progressively. The redox peak that corresponds to second reduction (Q
) shifts by a larger degree than the redox peak that corresponds to first reduction (Q F Q which indicates that Q 2− is stabilized more than Q •− by hydrogen bonding. Eventually the two redox peaks overlap, showing a single redox peak that corresponds to the twoelectron reduction of Q F Q 2− . When acids are added as proton donors, distinct peaks appear in the voltammogram rather than a gradual shift of redox potential as with hydrogen bonding (Figure 2(b) ). Each peak arises from different protonation states of the quinone species. The effect of hydrogen bonding and protonation on quinone/hydroquinone electrochemistry in aprotic solutions is well studied and reviewed. For example, the effect of different acids and hydrogen bond donors as well as the effect of different substituents, 13, 14 estimation of the coordination number of hydrogen bonding agents, 15 comparison of intra-and intermolecular hydrogen bonding 16 have been reviewed. A recent review article covers a large body of literature.
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In aqueous solutions, the solvent itself is an excellent hydrogen bonding agent, so that addition of hydrogen bonding donor is meaningless. (Figure 3 , curve a), quinone is reduced to hydroquinone QH2 at a more positive potential since QH2 is more stable than Q . The redox waves with large peak-to-peak separation appear, indicating slow kinetics that will be explained soon. Then, at intermediate pH Figure 3, curve b) , some of the quinones are reduced to hydroquinone, deplete protons near the electrode surface, and the remaining quinones are reduced to Q 2− at a more negative potential, giving rise to two peaks.
The above discussion shows that quinone reduction follows the same principle in aqueous and aprotic solutions, i.e. stabilization of the reduced quinone species (Q •− and Q
2−
) by hydrogen bonding and/or protonation
19
. However, Figures 2 and 3 indicate that quinone electrochemistry can become quite complex in aprotic or unbuffered aqueous solutions. In this regard, buffered aqueous solutions that maintain constant pH provide a convenient platform to study quinone electrochemistry with simplified solvent effects. In fact, even a complete analytical description has been given with some assumptions, as will be presented in the next section.
Buffered Aqueous Solutions: the Square Scheme. In buffered aqueous solutions, quinone shows a single redox peak that corresponds to Q F QH 2 and its reduction potential shows a good linear dependence on pH with a slope of -59 mV/pH, in accordance with the Nernst equation.
At higher pH that exceeds the pK a of QH 2 , the slope decreases to -29 mV/pH and finally to 0 mV/pH, corresponding to the generation of QH -and Q
2-
. Although it appears to be simple, the two-electron, two-proton reduction and oxidation of quinone/hydroquinone involves several steps in its detailed mechanism. It can be described by the "9-membered square scheme" (Figure 4 ). Three protonation states exist for each redox state, and three redox states exist for each protonation state, giving rise to a total of 9 species.
Protonation and deprotonation reactions may be assumed to be at equilibrium, considering the fast diffusion of protons and diffusion-controlled rate of protonation reaction. 22 Then the ratio of different protonation states of each redox state will be constant at a given pH, and only electron transfer can be considered to have a kinetic barrier. With this assumption, the two-electron, two-proton reduction and oxidation of quinone can be understood as simple two-electron transfer, grouping the different protonation states together to represent the reaction as Q ox F Q sem F Q red . The associated E ri and k ri values are functions of pK ai 's and solution pH, of which equations can be found elsewhere. 8, 21 The reduction potential and rate constant for the overall redox reaction are designated as E app and k app , and E app is the average of E r1 and E r2 .
If the individual E i and pK ai values in the square scheme are known, a Pourbaix diagram that shows the stability of different quinone species at different potential and pH values can be constructed. An example is given for 1,4-benzoquinone ( Figure 5 ). Each line denotes the equilibrium potential for the two redox species marked on it. Because the semiquinone radical is unstable, the zones for Q and QH 2 overlap, and the line in the middle marks the equilibrium potential for Q/QH 2 couple, E app . In the inset of Figure 5 , only the values of E ri and E app are shown for clarity.
For many quinone compounds, the reduction potentials and pK a values in water have been obtained and tabulated. 24, 25 It is found that the pK a values of hydroquinone are much bigger than that of the semiquinone while E Q/Q•− and E Q•−/Q2− are similar; normally the pK a of QH
• is in the range 4-5 while those of QH 2 and QH − are in the range 9-11. As a consequence, E r2 becomes more positive than E r1 except at high pH ( Figure 5 ). The situation where the second electron transfer (E r2 ) is thermodynamically easier than the first (E r1 ) is called potential inversion. Along with hydrogen bonding of water, such difference in pK a values and the resulting potential inversion lead to semiquinone being relatively destabilized in aqueous media, so that only a single two- electron redox peak appears, unlike in aprotic media. The equation below shows the quantitative relationship between semiquinone stability and E ri values.
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The degree of potential inversion, or the value of E r2 -E r1 , also critically affects the overall electrochemical reaction rate. Rate constant k app is with k ri = k r1 or k r2 depending on which is the rate-determining step. Therefore the larger the value of E r2 -E r1 , the smaller the apparent rate is. Simulated voltammograms of a general two-electron redox reaction show slower kinetics for larger values of potential inversion ( Figure 6(a) ), when all other parameters equal. This is peculiar in some way because a large degree of potential inversion means the driving force for the following second electron transfer is large; nonetheless large potential inversion results in a decrease of the overall rate of redox interconversion and a wide peak-topeak separation in the cyclic voltammogram. Though small k app or wide peak-to-peak separation is often associated simply with a slow rate of electron transfer (small value of k r1 or k r2 ), it may result from an increase of E r2 -E r1 . For quinones, it can be brought about by pH shift as discussed earlier and experimental examples are shown in figure 6B and 6C. The smaller peak-to-peak separation in unbuffered solutions
. Mechanism Studies of the Square Scheme. Analysis of the square scheme provides further details about the mechanism, as presented in the complete analytical description given by Laviron.
21, 29 He derived expressions for E r1 , E r2 , k app and other parameters of interest, and applied his theory to interpret the Tafel plot data of 1,4-benzoquinone/hydroquinone couple obtained at a Pt electrode at pH 0-7, from which a good agreement was found. Adopting literature values for some of the E i and pK ai 's, he determined the unknown pK ai and rate constant k i 's in the square scheme, though an unusually large value of k 2 raised suspicion of adsorption effect. The sequence of electron and proton transfers at different pH values was also suggested. For example, at pH 7 the sequence was Q − Q
•− − QH • − QH − − QH 2 , or eHeH for reduction and HeHe for oxidation. Application of Laviron's framework followed, i.e., E i , pK ai and k i values that constitute the square scheme ( Figure 4 ) were determined by fitting the calculated E app and k app values to experimental data in a wide pH range, along with literature values for some of the E i and pK ai values. In particular, self-assembled monolayers provided a good platform because k app can be extracted easily with an established protocol, 30 and non-ideal adsorption and interaction with electrode is minimized. It was generally found that pK a values of QH • and QH 2 tend to increase when quinone is immobilized on electrode surface. 31 With benzoquinone monolayers formed from Michael addition of amine to quinone, an extended 12-membered scheme with an additional protonation state was presented ( Figure 7) . 32 Ubiquinone could be immobilized on electrode surfaces with its hydrophobic side chain, and neat interpretation with the square scheme was given.
28,33 Instead of extracting k app , some exploited digital simulation software to directly simulate the voltammetric response of watersoluble anthraquinones.
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Although the level of detail that quinone/hydroquinone redox reaction can be understood is remarkable, there are limitations in applying Laviron's idealized theoretical framework of the square scheme. Generally there are too many parameters to be determined, and as some authors of the previously mentioned works also acknowledged, a particular set of parameters may not be the only one that fits the experimental data. Moreover, the several assumptions involved in formulating the square scheme indicate that even if a unique set of parameters were obtained as the solution, it is uncertain whether they have true physical meaning. Most importantly, in the classical square scheme analysis, it is assumed that only stepwise pathways are followed, i.e. electrons and protons are transferred individually in kinetically distinct steps. However, there are increasing reports of concerted transfer of electron and proton, 8, 35, 36 and k app has been modified to take the concerted pathway into account.
37 Concerted pathway is more likely to step in when pK a values of oxidized and reduced states are wide apart, as this retards the stepwise pathway at intermediate pH. It was recently shown that homogeneous quinone PCET is a complicated mix of concerted and stepwise pathways.
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In addition, it is assumed that protonation/deprotonation equilibria are always maintained. It is a reasonable assumption in buffered aqueous solutions, but caution has to be taken when pK a values of the oxidized and reduced forms are wide apart. 37 A recent paper suggested that proton transfer becomes faster at nanoporous electrodes based on electrochemical experiments, implying that protonation and deprotonation reactions may not be infinitely fast.
39 Also, pro- ton transfer may become slow when quinone is immobilized on the surface of electrode and steric or hydrophobic barrier is created around the quinone. 40 Readers further interested in mechanism analysis may find an extensive review on this topic helpful. , it was thought that it is impossible to create a situation where E r2 < E r1 in aqueous solutions and observe separate two one-electron peaks as in nonaqueous solutions. However, it was revealed that in some cases cations can stabilize Q
•− selectively in aqueous solutions. Anthraquinone sulfonate in 0.1 M hydroxide solutions showed "peak splitting" when bulky tetrabutylammonium cation (TBA + ) was employed as the supporting electrolyte cation and was proposed to ion-pair with Q
•− , stabilizing it (Figure 8(a) ). 41, 42 Because of the high pH, no protonation was involved. The midpoint potential was little changed, indicating that the thermodynamics of the overall reaction Q F Q red was little affected by the ion pairing effect. The enhanced stability of Q sem was confirmed from the lowered rate of catalytic oxygen reduction, which is mediated by Q sem . 42 However, the cause of selective stabilization of Q sem over Q red by ion pairing was not given clearly.
In a more recent example, peak splitting was even observed at lower pH and in the presence of protonation.
43 A quinonecontaining ionophoric molecule (Figure 8(b) ) was devised to capture a metal ion in the vicinity of the quinone moiety, influencing its voltammetric response. When Ca 2+ cation was captured, the semiquinone radical was greatly stabilized and a wide peak splitting occurred at pH 10.2, the corresponding reactions being Q F Q
•− and Q •− F QH − . At neutral pH, the broad peak-to-peak separation of ~400 mV was reduced tõ 80 mV. This was caused by a dramatic decrease in E r2 -E r1 , i.e. semiquinone stabilization. As a proof, the stable semiquinone radical was observed with EPR and spectroelectrochemistry. A study that shows semiquinone stabilization of pyrroloquinoline quinone (PQQ) cofactor in soluble glucose dehydrogenase by Ca 2+ cation implies the biological significance of this 44 . It is worth making a brief note about the semiquinone radical Q sem , of which stability and properties are of considerable interest because semiquinone radical contributes to reactive oxygen species generation. Q sem stability is determined by E r2 -E r1 , as noted previously, and Q sem stability of various quinone compounds has been tabulated. 26 Q sem can react with O 2 easily to generate the superoxide radical O 2 •− , because there is no spin restriction unlike most other reactions of organic compounds with O 2 .
45 Thanks to fast disproportionation and comproportionation, Q sem exists when Q ox and Q red are present together, even if no redox peak for semiquinone radical is seen in the cyclic voltammogram. It is deemed that the primary mechanism of highly toxic superoxide generation via quinone compounds involves the semiquinone radical. 25, 46 Autoxidation of hydroquinones by O 2 is known to be catalyzed by Q ox , because Q ox can produce Q sem by reacting with hydroquinone, Q red . In the Q cycle of mitochondria, it is very difficult to observe the semiquinone radical at the Q o site, which probably acts to suppress superoxide generation. 5 Shift of E r1 and E r2 by metal cation complexation affects semiquinone stability and several accounts show that metal ion can increase the autoxidation rate of catechols. 47, 48 It is still of considerable interest to understand the influence of various factors on semiquinone radical stability and electronic structure calculations have been performed. 49, 50 Band assignments of vibrational peaks along with ab initio calculation helped elucidate electronic structure of semiquinones as well.
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Application of Quinone Electrochemistry
In the previous section, general description of the redox mechanism of quinone was given. The importance of the 
/Q
2− stabilization and E r1 , E r2 values were emphasized. It was also shown how electrochemical studies have been conducted to determine the redox mechanism of quinone/hydroquinone, and semiquinone radical stability was discussed. In this section, examples of utilizing quinone redox reaction in various fields of chemistry will be presented. Firstly, quinones can be used as molecular tools for studies in the field of physical chemistry. Secondly, the rapid and stable redox cycling of quinones allows them to be used as versatile electron mediator. Thirdly, the ability of quinones to store and release electrons and protons can be used in organic energy conversion devices. Quinone can be in solution phase or immobilized at the electrode surface by SAM, electrografting or polymerization. As it is impossible to be comprehensible with such a broad scope, we have tried to provide some interesting and representative examples. Readers may also refer to a recent review on the various bio-related applications of quinones.
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Molecular Tool for Study on Charge Transfer Kinetics. Quinone tethered to electrode surface can probe the solution environment around the quinone, near the electrode. Darwish et al. created novel quinone SAMs that fixed anthraquinone moieties at a set distance and orientation on the electrode by employing rigid norbornylogous linkers (Figure 9(a) ).
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They incorporated diluent molecules having different length and terminal groups, namely -OH or -CH 3 . The mixed SAMs showed decrease of k app and slight negative shift of E app when the quinone was placed near (< 2.1 Å) the surface of the diluent layer. This was explained by the presence of a thin low-water density layer that was recently revealed to exist at the surface of such diluent layer. The more hydrophobic terminal group -CH 3 showed larger reduction in the k app , but when the quinone was far enough from the diluent layer, terminal group had little effect. Mrksich's group utilized the fact that quinone can undergo Diels-Alder reaction with dienes to become electroinactive to measure the rates of Diels-Alder reaction at the SAM-solution interface ( Figure  9(b) ). 54 The quinone was buried inside the monolayer or exposed to the solution, and each showed different rate for the interfacial Diels-Alder reaction as probed by cyclic voltammetry. Kim et al. observed unusual electrochemical response when ortho-and para-quinone SAMs were buried under long alkyl chains (Figure 9(c) ). It was proposed that strong local hydrogen bonding interaction could have given rise to a large value of E r2 -E r1 . 55 Abhayawardhana et al. carried out detailed investigation of amino-anthraquinone monolayer.
56 Impedance analysis implied proton penetration into the monolayer driven by electrode potential, and the origin of very large reorganization energy was attributed to the breaking of intramolecular hydrogen bonding upon redox state change. Chung et al. studied proton transfer across organic/aqueous liquidliquid interface with hydrophobic quinone dissolved in the organic phase. 57 Henstridge et al. showed that anthraquinone peak shift may be used to estimate local pH change near the electrode during oxygen reduction at the electrode, which correctly gave two as the number of protons transferred to oxygen.
58 Quinone electrochemistry at nanoporous electrodes suggested a new rate enhancement mechanism at nanoporous electrodes. 59 Electrochemical rate enhancement at nanoporous electrodes is often attributed to increased rate of electron transfer from more frequent collision with the electrode, termed confinement effect. By investigating the reaction of quinones, both electron transfer and proton transfer rates were found to increase at nanoporous electrodes.
Quinone-terminated SAMs with different linkers have been studied to reveal the influence of linkers on the interfacial electron transfer rate. Hong et al. showed that k app for quinone-terminated alkyl SAMs decreased exponentially with the length of the alkyl linker, in good agreement with expectation from electron tunneling theory and the results of other redox-active SAMs (Figure 10(a) ). Trammel et al. created quinone SAMs with fully conjugated oligo (phenylene vinylene) linker, which showed enhanced electron transfer rate (Figure 10(b) ) compared to simple alkyl linker. 60 Interestingly, for the fully conjugated linkers, rate constant was independent of linker length. They also synthesized linkers containing single, double and triple bonds, and found that rate constant was the largest for double bond and smallest for single bond. 31, 61 Another intriguing aspect of these studies is that at high pH where hydroquinone is deprotonated, rate constant tends to be independent of linker length.
62,63 Razzaq et al. showed that gold nanoparticles sandwiched between the electrode and the quinone layer resulted in rate enhancement.
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Direct electron passage from metal substrate to tip via molecular bridge can be studied with STM. Electrochemical scanning tunneling microscopy (EC-STM) study of quinones by Petrangolini et al. showed interesting results [65] [66] [67] ( Figure  11(a) ). They measured the current through the junction formed between a gold substrate covered with SAM and a gold tip. For such a setup, the tunneling current tends to be enhanced when substrate potential is near the redox potential of the molecule; this phenomenon is called electrolyte gating effect. Remarkably, the tunneling current of hydroquinonemodified junction was found to be enhanced at two different substrate potentials that roughly correspond to the E r1 and E r2 values of the quinone, and these substrate potential values even mirrored the pH-dependence of E r1 and E r2 . However, a single redox peak is seen in cyclic voltammograms because electron transfer corresponding to E r1 and E r2 occur sequentially, i.e. second electron transfer can only occur after the first electron transfer. These results were interpreted by regarding E r1 and E r2 to be different redox levels that can individually contribute to enhancing electron transport through the molecule, which is unique to the EC-STM configuration. 65 Also, when bias voltage (i.e. tip-substrate potential difference) was larger than E r2 -E r1 , a region of double enhancement was found, which was thought to be due to the simultaneous participation of both redox levels in tunneling current enhancement. 66 In addition, using different linkers, the presence of a water gap between the quinone and the tip was highlighted. 67 Another interesting study showed that anthraquinone redox state, switched between quinone and hydroquinone by electrochemical gating, affected the conductance of the molecular junction (Figure 11(b) ). 68 The cross-conjugated quinone form showed smaller conductance than the hydroquinone form.
Versatile Electron Mediator. The redox of quinone/hydroquinone can provide electronic connection between the electrode and components in the solution. When analyte can induce quinone redox, quinone can be used as the signal transduction element in electrochemical sensors. First, direct electrocatalytic reduction/oxidation of analyte can result in amperometric sensing scheme (Figure 12(a) ), in which analyte concentration is known from the amplitude of current. Electrocatalytic oxidation of NADH by quinone is a wellknown example, [69] [70] [71] and Ca 2+ ion addition to PQQ-modified electrode was found to increase the amplitude of the electrocatalytic current.
72 Ascorbic acid, 71 hemoglobin 73 and atrazine 74 detection through this scheme have also been reported. To expand the analyte range, quinone layer may be linked to enzymes to mediate electron transfer between the electrode and the enzyme. [75] [76] [77] For example, various NADH-dependent oxidases can be linked to the enzyme via PQQ to detect the specific substrate of the enzyme (Figure 12(b) ).
In another sensing scheme, surface-immobilized quinones reports molecular recognition event nearby. Electrode is covered with a quinone layer along with probe molecules, and change in steric bulk at the interface caused by molecular recognition alters the amplitude of current from pulse voltammetry. Thanks to such sensitivity of quinone electrochemistry to local chemical environment, no solution-phase redox probe for signal transduction is needed. Pham and Piro conducted extensive work on electropolymerized polymeric quinone layers that show stable electrochemical activity and easy functionalization for attaching probe biomolecules.
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Better sensitivity was achieved with quinone SAM rather than electropolymerized polymeric quinone layer ( Figure  13) . 79 Mechanistic investigation of these hydroxynaphthoquinone SAMs showed that k app was sensitive to pH at around pH 7-9. 80 He et al. reported a similar example that probed specific saccharide-protein interaction.
81 Pulse voltammetry signal decreased when the protein that had affinity for the saccharide on the electrode was added into the solution, while other proteins had little effect.
A useful feature of quinones is the fact that quinone can be switched from an electrochemically inactive form to an active form. The enzyme cutinase can cleave the ester bond of a protected, electroinactive hydroxyphenyl ester to give an electroactive hydroquinone (Figure 14(a) ). Its electrochemical signal indicates the enzyme's activity, so that quinone acts to transduce biological activity to electric signal. 82 It is also possible to increase the sensitivity of amperometric sensing by signal amplification with the redox cycling of freely diffusing solution phase quinone in enzymelinked immunosorbent assay (ELISA) (Figure 14(b) ). 83 The quinone is in the electroinactive hydroquinone diphosphate form at first. The enzyme alkaline phosphatase, linked to the secondary antibody, cleaves the phosphate away to produce electroactive hydroquinone, which subsequently undergoes redox cycling for the amplification of the electrochemical signal.
As already demonstrated, quinones have good potential for connecting biological elements to electrodes electronically by electron mediation. Recently polymeric quinone was used to electrically connect photosystem II to the electrode, which functioned as the anode of a water splitting photo-bioelectrochemical cell (Figure 15(a) ). 84 Quinonemodified electrodes were also used for efficient electron exchange with bacterial cells and applied to sensing toxic substances metabolized by bacteria 85 as well as increasing power output of microbial fuel cells [86] [87] [88] (Figure 15(b) ). Quinone-functionalized chitosan electrodes could be used as a biological redox capacitor that can exchange electrons with biological components in solution, and later convert the amount of charge stored into electronic signal (Figure 15(c) ).
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The film can exchange electrons with solution phase biological components (e.g. enzymes) that have difficulty exchanging electrons with the electrode directly. The charge thus stored in the film can be transferred to the electrode and converted to electric signal with added soluble redox species such as ferrocene dimethanol. Interestingly, the chitosanimmobilized quinones were electronically non-conducting, thus allowing it to act as a capacitor.
Charge Storage in Energy Conversion Devices. Quinone/ hydroquinone interconversion is equivalent to storing and releasing electrons, which may be applied to green energy conversion technology. Currently it is of great interest to fabricate electrodes from organic materials as they are cheap, lightweight, abundant and degradable. Among others, conjugated carbonyl compounds including quinones are receiving considerable interest. 90 There has been interest in using quinones in batteries for a long time. [91] [92] [93] Recently, poly(vinylanthraquinone) polymer immersed in 30 wt % NaOH or KOH solutions was found to exhibit a capacity of 123 mWh/ g and stability for over 500 cycles as a rechargeable air battery (Figure 16(a) ). 94 The redox current increased dramatically going from neutral to basic pH, and this was explained by better electrolyte permeation in basic pH due to the swelling of polymer chains from charge repulsion between negative Q 2−
. Quinones were also applied to supercapacitors. [95] [96] [97] Supercapacitor capacitance was greatly increased by simply adding hydroquinone into the acid electrolyte (Figure 16(b) ), 96 and the capacitance increase was attributed to the quinone redox reaction. Interestingly, quinone redox reaction at the anode caused hydrogen electrosorption to occur at the cathode by holding the anode voltage at a nearly constant value and consequently bringing the cathode potential to large enough values that can induce hydrogen electrosorption (see figure) . It was proposed that the overall capacitance is limited by this cathode reaction. 98 Incorporation of quinone into polyvinylalcohol gels was also attempted and similar results were observed. Solution phase quinones are useful as well. Quinone was the active component in the negative electrolyte in an aqueous redox flow battery (Figure 16(c) ). 99 Using simple anthraquinone sulfonates coupled to Br 2 /Br − , stable performance and the possibility of improvement through quinone functionalization were demonstrated. Quinone was also used as electron-coupled proton buffer (ECPB) that aided water electrolysis (Figure 16(d) ). 100 The water splitting reaction was divided into the reduction and oxidation half reactions, i.e. H 2 evolution and O 2 evolution, to reduce the required cell potential for electrolysis of water. The half reactions were paired up with quinone/hydroquinone half reactions. Because quinone/hydroquinone store and release protons along with electrons, solution pH could be maintained during H 2 or O 2 evolution alone. Quinones were also used to replace the I 3 −
/I
− redox couple in the electrolyte of dyesensitized solar cells. 101, 102 In this case, quinone acts as an electron mediator rather than an electron storage compound.
Conclusion
In this account, we presented a wide range of studies involving the redox reaction of quinone/hydroquinone and electrochemical methods. First, an overview of the electrochemical behavior of quinone in different solution environments was given to establish a general understanding of quinone redox mechanism. The case of buffered aqueous solution was treated in more detail, as it could be formulated into a neat 9-membered square scheme. The instability of semiquinone radical in aqueous solutions was explained along with the stabilizing effect of cations. Then, in the second part, we showed various applications of quinone redox reaction probed or induced by electrochemical methods. Quinone could provide information about the chemical environment or electron transfer rate at different interfaces, shuttle electrons between different components of a functional system such as sensors, and offer charge storage capacity in energy conversion devices. We hope that this contribution will help more researchers understand and be comfortable with quinone electrochemistry, which may seem quite complicated at first sight. We also expect to see more researchers in various fields exploit the full potential of quinones for their work.
